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The suppression factor for single inclusive jets in Pb+Pb collisions at the Large Hadron Collider
(LHC) has a weak dependence on the transverse momentum pT and remains almost the same at
two colliding energies,
√
s = 2.76 and 5.02 TeV, though the central rapidity density of bulk hadrons
increases by about 20%. This phenomenon is investigated within the Linear Boltzmann Transport
(LBT) model, which includes elastic and inelastic processes based on perturbative QCD for both jet
shower and recoil medium partons as they propagate through a quark-gluon plasma (QGP). With
the dynamic evolution of the QGP given by the 3+1D CLVisc hydrodynamic model with event-by-
event fully fluctuating initial conditions, single inclusive jet suppression in Pb+Pb collisions from
LBT agrees well with experimental data. The weak
√
s and pT -dependence of the jet suppression
factor at LHC are found to result directly from the
√
s-dependence of the initial jet pT spectra
and slow pT -dependence of the jet energy loss. Contributions from jet-induced medium response,
influence of radial expansion, both of which depend on jet-cone size, and jet flavor composition all
conjoin to give a slow pT -dependence of jet energy loss and the single jet suppression factor RAA,
their dependence on
√
s and jet-cone size. Single inclusive jet suppression at
√
s = 200 GeV is also
predicted that actually decreases slightly with pT in the pT < 50 GeV/c range because of the steeper
initial jet spectra though the pT -dependence of the jet energy loss is weaker than that at LHC.
I. INTRODUCTION
Jet quenching caused by parton energy loss in dense
medium has been proposed as a hard probe of the prop-
erties of the quark-gluon plasma (QGP) formed in high-
energy heavy-ion collisions [1, 2]. The simplest form of
jet quenching is the suppression of single inclusive hadron
spectra at large transverse momentum, dihadron and
γ-hadron correlation in heavy-ion collisions relative to
proton-proton collisions [3–15]. Observation of these jet
quenching phenomena among other experimental data on
collective phenomena at the Relativistic Heavy-Ion Col-
lider (RHIC) provided the first evidence of the forma-
tion of the strongly coupled quark-gluon plasma in high-
energy heavy-ion collisions [16, 17]. A systematic study
of experimental data on suppression of single inclusive
hadron spectra in heavy-ion collisions at both RHIC and
the Large Hadron Collider (LHC) has provided unprece-
dented constraints on jet transport coefficients [18].
Since the inclusive hadron spectra at large transverse
momentum pT is the convolution of cross sections of ener-
getic parton production and parton fragmentation func-
tions in which leading hadrons dominate, the suppres-
sion of single inclusive hadron spectra is caused mainly
by the energy loss of leading jet partons inside the dense
QGP medium that suppresses the effective jet fragmenta-
tion functions at large momentum fraction. The hadron
suppression factor is therefore not sensitive to the distri-
bution of soft radiative gluons and recoil partons from
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jet-induced medium response. This is, however, not the
case for fully reconstructed jets in heavy-ion collisions.
Suppression and modification of full jets are also pro-
posed to study jet quenching and properties of QGP
medium in high-energy heavy-ion collisions [19–32]. Jets
are collimated clusters of hadrons within a given cone-size
in experimental measurements. In elementary hadronic
processes such as proton-proton collisions, the jet pro-
duction cross section can be calculated from perturba-
tive QCD (pQCD) and can describe experimental data
to high precision even with relatively small cone sizes [32–
34]. The cross section is not very sensitive to nonpertur-
bative processes of jet hadronization through fragmenta-
tion. In heavy-ion collisions, however, the final jet pro-
duction cross section is not only modified by parton en-
ergy loss of leading partons but also is influenced by how
the lost energy is transported in the medium through ra-
diated gluons and recoil medium partons. It is therefore
imperative to include the effect of recoil partons and their
further propagation in the form of jet-induced medium
response as well as the propagation of radiated gluons
in the study of jet suppression and medium modification
[27, 30, 35–41].
Contributions from jet-induced medium response to
the jet energy within a finite jet-cone size should also be
influenced by the collective radial expansion and flow of
the medium. They will affect the transverse momentum
pT dependence of jet energy loss in heavy-ion collisions.
Since the interaction strengths of gluon and quark with
the medium are different due to their color charges, one
should also expect a flavor dependence of the jet energy
loss. The fractions of gluon and quark jets and their pT
and colliding energy
√
s dependence are determined by
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2the pQCD cross sections and initial parton distributions
in the colliding nuclei. All these conjoin to give a par-
ticular
√
s and pT dependence of the jet energy loss that
can explain the observed phenomenon in the suppression
of single inclusive jets in heavy-ion collisions at LHC.
The suppression factor for single inclusive jets has been
measured in Pb+Pb collisions at two colliding energies,√
s = 2.76 and 5.02 TeV, at LHC [42–44]. The mea-
sured suppression factor has a weak pT dependence and
remains almost the same at two colliding energies though
the central rapidity density of bulk hadrons increases by
about 20% [45, 46].
In this paper, we will use the Linear Boltzmann Trans-
port (LBT) model [27, 41, 47–50] for jet interaction and
propagation in dense QGP medium to study the suppres-
sion of single inclusive jet spectra in high-energy heavy-
ion collisions. We will pay particular attention to effects
of recoil thermal partons and their further propagation in
the dense medium whose evolution in high-energy heavy-
ion collisions is described by a 3+1D viscous relativis-
tic hydrodynamic model. We will try to understand the
weak transverse momentum and colliding energy depen-
dence of the suppression factor for single inclusive jet
spectra in Pb+Pb collisions at LHC energies. We will
investigate the effect of recoil thermal partons from jet-
induced medium response, their transport in the medium
and influence of radial expansion on the effective jet en-
ergy loss as well as the transverse momentum and collid-
ing energy dependence of the flavor composition of jets.
We will also provide predictions of the cone-size depen-
dence of the jet suppression factor in Pb+Pb collisions at
LHC and jet suppression in Au+Au collisions at RHIC
energy
√
s = 200 GeV.
The remainder of this paper is organized as follows.
We will provide a brief description of the LBT model
and simulations of jet propagation in the dense medium
whose evolution in high-energy heavy-ion collisions is
given by the 3+1D CLVisc hydrodynamic model [51–53]
in Sec. II. In Secs. III and IV, we carry out calculations
of the single inclusive jet spectra in both p+p collisions
as the baseline and Pb+Pb collisions. Effects of recoil
medium partons, diffusion wake due to the back-reaction
and underlying event subtractions are studied in detail.
Results on single inclusive jet suppression in Pb+Pb col-
lisions at other centralities and at both
√
s=2.76 and 5.02
TeV are presented and compared to experimental data.
Section V is devoted to the discussion and understand-
ing of the colliding energy and jet transverse momentum
dependence of the jet suppression in heavy-ion collisions.
In Sec. VI, we examine in detail effects of transport of
recoil partons, radial expansion of the underlying bulk
medium and the flavor composition on the effective jet
energy loss in heavy-ion collisions. These effects com-
bined with the shape and colliding energy dependence of
the initial jet production spectra in p+p collisions can
explain the weak transverse momentum and colliding en-
ergy dependence of the single inclusive jet suppression
factor. They also lead to a unique cone-size dependence
of the jet suppression. We will also provide predictions
for single inclusive jet suppression at the RHIC energy√
s = 200 GeV in Sec. VII. A summary and discussion
are given in Sec. VIII.
II. THE LINEAR BOLTZMANN TRANSPORT
MODEL
The Linear Boltzmann Transport (LBT) model is de-
veloped to study jet interaction and propagation in dense
QGP medium with a particular emphasis on thermal re-
coil partons and their further interaction and propagation
through the medium in the form of jet-induced medium
excitation (or response). It was initially developed [47]
to study the so-called Mach-cone excitation by jets that
travel at nearly the speed of light in the medium in which
the velocity of sound is smaller than that of the propagat-
ing jets [54–57]. While signals of the Mach-cone excita-
tion are still elusive in both experimental measurements
and simulations with realistic hydrodynamic evolution of
the medium, the LBT model becomes a powerful tool for
the study of jet quenching in high-energy heavy-ion col-
lisions. The model has been recently improved with the
implementation of the complete set of elastic 2→ 2 scat-
tering processes [48]. Inelastic processes 2→ 2 + n with
multiple gluon radiation and global energy-momentum
conservation have also been implemented more consis-
tently in the latest version [27, 49, 58]. It has been used
to describe both single inclusive light and heavy flavor
hadron suppression [50], γ-hadron [40], γ-jet [27, 41, 59]
and Z0-jet correlations [60]. We will use it to study single
inclusive jet suppression in high-energy heavy-ion colli-
sions in this paper.
The basic building block of the LBT model is the linear
Boltzmann equations for the transport of both jet shower
and thermal recoil partons in QGP,
pa · ∂fa =
∫ ∑
bcd
∏
i=b,c,d
d3pi
2Ei(2pi)3
(fcfd − fafb)|Mab→cd|2
×γb
2
S2(sˆ, tˆ, uˆ)(2pi)
4δ4(pa+pb−pc−pd) + inelastic, (1)
where the summation is over all possible parton flavors
and channels of scattering, fi = (2pi)
3δ3(~p−~pi)δ3(~x− ~xi−
~vit) (i = a, c) are the phase-space density for jet shower
partons before, after scattering and medium recoil par-
tons, fi = 1/(e
pi·u/T±1) (i = b, d) are phase-space distri-
butions for thermal partons in the QGP medium with lo-
cal temperature T and fluid velocity u = (1, ~v)/
√
1− ~v2,
and γb is the color-spin degeneracy for parton b.
The leading-order (LO) elastic scattering amplitudes
|Mab→cd|2 [61] have collinear divergencies that are regu-
larized in the LBT model by a factor [62],
S2(sˆ, tˆ, uˆ) = θ(sˆ ≥ 2µ2D)θ(−sˆ+ µ2D ≤ tˆ ≤ −µ2D), (2)
where sˆ, tˆ, and uˆ are Mandelstam variables, and
µ2D =
3
2
g2T 2, (3)
3is the Debye screening mass with three quark flavors. The
corresponding elastic cross sections are dσab→cd/dtˆ =
|Mab→cd|2/16pisˆ2. We neglect the Bose enhancement
(Pauli blocking) for final-state gluons (quarks) and de-
tailed balance of the radiative processes in the current
implementation of the Boltzmann transport. The strong
coupling constant αs = g
2/4pi is fixed and will be fitted
to experimental data.
In the current version of the LBT model, we only con-
sider gluon radiation induced by elastic scatterings. The
differential inclusive rates for gluon radiation is assumed
to follow that from the high-twist approach [63, 64],
dΓinela
dzdk2⊥
=
6αsPa(z)k
4
⊥
pi(k2⊥ + z2m2)4
p · u
p0
qˆa(x) sin
2 τ − τi
2τf
, (4)
where Pa(z) is the splitting function for the propagating
parton a to emit a gluon with the energy fraction z and
transverse momentum k⊥, m is the mass of the propa-
gating parton, τf = 2p0z(1−z)/(k2⊥+z2m2) is the gluon
formation time and τi is the time of the last gluon emis-
sion. The elastic scattering rate in the inelastic processes
has been factorized into the jet transport coefficient,
qˆa(x) =
∑
bcd
ρb(x)
∫
dtˆq2⊥
dσab→cd
dtˆ
, (5)
which is defined as the transverse momentum transfer
squared per mean-free-path in the local comoving frame
of the QGP fluid. The parton density ρb(x) includes the
degeneracy factor. The splitting functions Pa(z) above
contains an infrared divergence and is regularized by the
Debye screening mass µD as an infrared cut-off for the
energy of radiated gluons.
In the actual implementation of parton transport sim-
ulations in LBT, the probability of elastic and inelastic
scattering in each small but finite time step ∆τ are cal-
culated together to ensure unitarity. The probability for
an elastic scattering in a time step ∆τ during the prop-
agation of parton a is,
P ael = 1− exp[−∆τΓela (x)], (6)
where
Γela ≡
p · u
p0
∑
bcd
ρb(x)σab→cd (7)
is the total elastic scattering rate for parton a. The prob-
ability for inelastic process is
P ainel = 1− exp[−∆τΓinela (x)], (8)
where
Γinela =
1
1 + δag
∫
dzdk2⊥
dΓinela
dzdk2⊥
(9)
is the total gluon radiation rate from parton a. The total
scattering probability,
P atot = P
a
el(1− P ainel) + P ainel, (10)
can be separated into the probability for pure elastic scat-
tering (first term) and that for inelastic scattering with at
least one gluon radiation (the second term). Notice that
for infinitesimally small time step ∆τ → 0, the above
total scattering probability per unit time is just the sum
of the elastic and inelastic scattering rate.
A Poisson distribution with the mean 〈Nag 〉 = ∆τΓinela
is assumed to simulate multiple gluon radiations associ-
ated with each elastic scattering. The scattering channel,
flavor, energy and momentum of the final partons, recoil
partons and radiated gluons are sampled according to the
differential elastic scattering cross section and the differ-
ential gluon radiation rate, respectively. Global energy
and momentum conservation is ensured in each scatter-
ing with multiple radiated gluons.
In the LBT model, the above scattering probabilities
are employed to simulate the change of phase-space dis-
tribution for jet shower, recoil medium partons and radi-
ated gluons due to their scattering with thermal partons
in the medium. During each scattering, the initial ther-
mal parton b is recorded as “negative” partons and they
are also allowed to propagate in the medium according
to the Boltzmann equation. The energy and momentum
of these “negative” partons will be subtracted from all
final observables to account for the back-reaction in the
Boltzmann transport equations. They are part of the
jet-induced medium excitation and manifest as the dif-
fusion wake behind the propagating jet shower partons
[27, 47, 48].
In the LBT model we assume jet shower parton density
and jet-induced medium response is small in the linear
approximation (δf  f) so that one can neglect interac-
tion among jet shower and recoil partons. One considers
only interaction between jet shower and recoil partons
with thermal medium partons. The bulk medium evolves
independently according to a hydrodynamic model that
provides spatial and time information on the local tem-
perature and fluid velocity during parton-medium inter-
action. This linear approximation will break down when
the jet-induced medium excitation becomes comparable
to the local thermal parton density. To extend LBT be-
yond the linear approximation, a coupled LBT and hy-
drodynamic (CoLBT-hydro) model [40] has been devel-
oped in which soft partons from LBT jet transport are
fed back to the bulk medium as a source term in the hy-
drodynamic equations while energetic partons propagate
through the medium which evolve simultaneously with
the source term updated in real time. This coupled ap-
proach is important for detailed study of the jet-induced
medium excitation. For the study of jet suppression, the
LBT model with the linear approximation will suffice.
In the LBT model, a parton recombination model de-
veloped by the Texas A & M University group within
the JET Collaboration [65] is used for hadronization of
both jet shower and recoil medium partons. The model
has been used successfully to describe light flavor hadron
suppression in heavy-ion collisions [40]. In this paper,
we will only use the partonic information for jet recon-
4struction and study single inclusive jet suppression and
jet energy loss.
III. SINGLE INCLUSIVE JET SPECTRA IN
P+P COLLISIONS
For the study of single inclusive jet spectra in high-
energy heavy-ion collisions, we have to first provide initial
jet shower parton distributions from elementary nucleon-
nucleon collisions and then let these jet shower partons
propagate in the LBT model through bulk medium that
evolves according to the hydrodynamic model. Each of
the initial jet shower partons is assigned with a formation
time determined from their virtuality, energy and trans-
verse momentum (relative to the jet direction). They
start interaction with medium partons only after their
initial formation time. We then use the information for
the final partons and the FASTJET package [66], which
is specially modified to take into account of the subtrac-
tion of “negative” partons, with the anti-kt algorithm to
reconstruct jets and calculate the final single inclusive jet
spectra.
We will use PYTHIA 8 [67] to simulate production of
initial jet shower partons in this study. To ensure enough
statistics for initial jet production at any large transverse
momentum, we divide the range of transverse momentum
to many bins with bin size dpTi. We then use PYTHIA
8 to generate initial jet shower partons (with both initial
and final state radiation) with a trigger on the transverse
momentum transfer pTi ∈ (pTi − dpTi/2, pTi + dpTi/2)
and the cross section dσ
pp(c)
LO /dpTi in the leading-order
(LO) perturbative QCD (pQCD) for production of initial
hard parton c in p+p collisions. For any given trigger pTi,
we generate a given number of events for jet production.
After jet reconstruction using FASTJET with a given
jet-cone radius R, one can get an event-averaged single
inclusive jet distribution dN jet(c)(pTi)/dydpT for a given
trigger pTi, here pT and y are the transverse momentum
and rapidity of the final jet, respectively, as reconstructed
from the final partons with FASTJET. The final single
inclusive jet cross section in p+p collisions will be given
by,
d2σjetpp
dpT dy
=
∑
c
∫
dpTi
dσ
pp(c)
LO
dpTi
d2N jet(c)(pTi, pT )
dpT dy
, (11)
where the LO pQCD cross section for the production of
initial hard parton c in p+p collisions is given by
dσ
pp(c)
LO
dpTi
= 2pTi
∑
a,b,d
∫
dycdydxafa/p(xa, µ
2)
×xbfb/p(xb, µ2)dσˆab→cd
dt
, (12)
where yc and yd are rapidities of the final hard partons
in the a + b → c + d processes, xa = xTi(eyc + eyd)
and xb = xTi(e
−yc + e−yd) are the light-cone momen-
tum fractions carried by the initial partons from the
two colliding protons with xTi = 2pTi/
√
s, fa/p(x, µ
2)
is the parton distribution function inside a proton at
the scale µ2 = p2Ti and dσˆab→cd/dt is the parton level
leading order cross section which depends on the Man-
delstam variables sˆ = xaxbs, tˆ = −p2Ti(1 + eyd−yc) and
uˆ = −p2Ti(1 + eyc−yd). Because of higher-order correc-
tions through initial and final state radiation in PYTHIA
8, there can be more than two jets in the final state and
the transverse momentum pT of the final leading jets can
be different from the value of the trigger pTi.
Shown in Figs. 1 and 2 are differential single inclusive
jet cross sections with jet-cone size R = 0.4 as a function
of the final jet transverse momentum pT in different ra-
pidity windows of p+p collisions at
√
s = 2.76 and 5.02
TeV, respectively, from PYTHIA 8 as compared to AT-
LAS experimental data [42, 43]. PYTHIA 8 can describe
the experimental data well. In Fig. 2, we also compare
the single inclusive jet spectra at two different colliding
energies at LHC. One can see that the shape of the single
inclusive jet spectra at
√
s = 5.02 TeV are much flatter
than at 2.76 TeV, which is determined mainly by the
parton distribution functions in a proton.
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FIG. 1. (Color online) The single inclusive jet double differen-
tial cross section as a function of pT in different rapidity bins
in p+p collisions at
√
s = 2.76 TeV using anti-kt algorithm
with jet cone radius R = 0.4. The closed symbols are ATLAS
experimental data [42] while the curves are from PYTHIA 8
simulations. The results for different rapidities are scaled by
successive powers of 102 for clear presentation.
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FIG. 2. (Color online) The inclusive jet double differential
cross section as a function of pT in different rapidity bins
in p+p collisons at
√
s = 5.02 TeV (solid) using anti-kt al-
gorithm with jet cone radius R = 0.4 from PYTHIA 8 as
compared to ATLAS experimental data [43]. PYTHIA 8 re-
sults at
√
s = 2.76 (dashed) are also shown as a comparison.
Results for different rapidities are scaled by successive powers
of 102.
IV. SUPPRESSION OF SINGLE INCLUSIVE
JET SPECTRA IN A+A COLLISIONS
A. Single inclusive jet cross section in A+A
collisions
We assume that the initial production rates of hard
partons in A+A collisions are the same as the superposi-
tion of nucleon-nucleon collisions, except that we need to
consider the nuclear modification of the initial parton dis-
tributions [68, 69]. The jet shower partons from PYTHIA
8 simulations in each event will then go through medium
transport and propagation within the LBT model. Using
FASTJET with the same jet cone-size R for jet recon-
struction, we get an event-averaged final single inclusive
jet distribution dN˜ jet(c)(pTi, r,b, φc)/dydpT for any given
transverse coordinate r of the binary nucleon-nucleon col-
lision that produces the initial hard partons, the impact-
parameter b of the nucleus-nucleus collisions and the az-
imuthal angle φc of the initial hard parton c. The cross
section for single inclusive jet production in A+A colli-
sion is then given by,
dσjetAA
dpT dy
=
∑
a,b,c,d
∫
d2rd2btA(r)tA(|b− r|)dφc
pi
dycdyd
×
∫
dpTipTixafa/A(xa, µ
2)xbfb/B(xb, µ
2)
×dσˆab→cd
dt
dN˜ jet(c)(pTi, pT , r,b, φc)
dydpT
, (13)
where tA(r) is the nuclear thickness function with nor-
malization
∫
d2rtA(r) = A and fa/A(x, µ
2) is the nu-
clear modified parton distribution function [68, 69] per
nucleon. The range of integration over the impact pa-
rameter b is determined by the centrality of the nucleus-
nucleus collisions according to the experimental measure-
ment.
Interaction between shower and medium partons in
heavy-ion collisions will in general reduce the trans-
verse momentum of the final jets, leading to the medium
modification of the final single inclusive jet distribution
dN˜ jet(c)(pTi, r,b, φc)/dydpT relative to the vacuum one,
dN jet(c)(pTi)/dydpT , in p+p collisions. This will lead to
the suppression of the single inclusive jet cross section
in heavy-ion collisions. The suppression factor is given
by the ratio of the jet cross sections for A+A and p+p
collisions normalized by the averaged number of binary
nucleon-nucleon collisions,
RAA =
1∫
d2rd2btA(r)tA(|b− r|)
dσjetAA
dσjetpp
. (14)
In the jet reconstruction with FASTJET we also sub-
tract underlying-event (UE) background in a scheme in-
spired by the method in the experimental studies [70].
Seed jets are defined as those with at least one particle
whose transverse energy is larger than 3 GeV and with
a leading particle whose transverse energy is four times
or larger than the average transverse energy per particle
within the jet. The UE background transverse energy
density is calculated over the whole area of coverage ex-
cluding the area of these seed jets. In heavy-ion colli-
sions, we also include modulation of the UE transverse
energy distribution due to anisotropic flow of the bulk
medium. This UE transverse energy within the trans-
verse area of each jet is then subtracted from the jet
energy in both p+p and A+A collisions. In LBT sim-
ulations, only jet shower partons, radiated gluons and
recoil medium partons (energy carried by the “negative”
partons is subtracted) are used for jet reconstruction in
FASTJET. The UE background is very small as com-
pared to the UE in experimental analyses which includes
all hadrons from the bulk medium. The contribution of
UE to the jet energy before the subtraction in LBT sim-
ulations is about a few percent in central Pb+Pb and
much smaller in p+p collisions. The effect of UE is more
important for low energy jets with large jet radii.
For heavy-ion collisions, we will use PYTHIA 8 to sim-
ulate the production of initial jet shower partons which
6will then propagate through the dynamically evolving
QGP medium according to the LBT model. We will ne-
glect the nuclear modification of the initial parton dis-
tributions in cold nuclei which should be small in the jet
production processes with momentum scale Q2 > 4000
GeV2 [68, 69]. We assign a formation time τ0 ≈ 2k0/k2T
for each of the initially produced jet shower partons be-
fore which the parton is assumed to free-stream without
interaction with medium partons.
B. CLVisc hydrodynamics for bulk medium
evolution
For the space-time evolution of the QGP medium
in heavy-ion collisions, we use the space-time profile
from the CLVisc (3+1)D viscous hydrodynamic model
[51, 52]. CLVisc parallelizes the Kurganov-Tadmor al-
gorithm [71] to solve the hydrodynamic equation for the
bulk medium and Cooper-Frye particlization on GPU,
using Open Computing Language (OpenCL). With mas-
sive amount of computing parallelized on GPUs and Sin-
gle Instruction Multiple Data (SIMD) vector operations
on modern CPUs, CLVisc brings about the best perfor-
mance increase so far to (3+1)D hydrodynamics on het-
erogeneous computing devices and provide the event-by-
event space-time hydrodynamic profiles for simulations
of jet transport within the LBT model in this study.
The initial condition for energy-momentum density dis-
tributions for event-by-event CLVisc hydro simulations
are obtained from partons in A Multi-Phase Transport
(AMPT) model [72] with a Gaussian smearing,
Tµν(τ0, x, y, ηs) = K
∑
i
pµi p
ν
i
pτi
1
τ0
√
2piσ2ηs
1
2piσ2r
× exp
[
− (x− xi)
2 + (y − yi)2
2σ2r
− (ηs − ηis)
2
2σ2ηs
]
,
(15)
where pτi = miT cosh(Yi − ηis), pxi = pix, pyi = piy and
pηi = miT sinh(Yi − ηis)/τ0 for parton i, which runs over
all partons produced in the AMPT model simulations.
We have chosen σr = 0.6 fm, σηs = 0.6 in our calcu-
lations. The transverse mass mT , rapidity Y and spa-
tial rapidity ηs are calculated from the parton’s four-
momenta and spatial coordinates. There is no Bjorken
scaling in the above initial condition because of early par-
ton cascade before the initial time and the uncertainty
principle applied to the initial formation time in AMPT.
The scale factor K and the initial time τ0 are two param-
eters that one can adjust to fit the experimental data on
central rapidity density of produced hadrons. We will use
the ideal version of CLVisc with a parametrized equation
of state (EoS) s95p-v1[73] to obtain the hydrodynamic
evolution of the bulk medium in 200 events of heavy-ion
collisions in each centrality to simulate jet transport in
each bin of the initial transverse momentum transfer pTi.
We set the width of the bin in the initial transverse mo-
mentum transfer to be ∆pTi = 10 GeV/c and generate
1000 sets of initial jet showers from PYTHIA 8 in each
bin for each of the 200 hydro events. The total number
of events of initial jet production for each centrality in
each pTi bin is therefore Nevent = 200 × 1000. This is
also the total number of events in each pTi bin in p+p
collisions.
The AMPT model employs the HIJING model [74, 75]
to generate the initial bulk parton or minijet production
according to the Glauber model of nuclear collisions with
the Woods-Saxon nuclear distribution. The geometrical
distribution of the initial triggered jets in the transverse
plane is sampled according to the initial minijet distribu-
tion in each AMPT event. The same AMPT event also
provides the initial condition for the energy-momentum
density distribution for CLVisc hydrodynamic simula-
tions of the space-time evolution of the bulk medium in
which jet transport is simulated according to the LBT
model. The centrality classes of heavy-ion collisions are
defined according to the initial parton multiplicity distri-
bution and the averaged number of participant nucleons
〈Npart〉 in each centrality class is computed accordingly.
The interaction rate in Eq. (7) and jet transport coeffi-
cient in Eq. (5) are all proportional to the medium par-
ton density which will vanish in the hadronic phase of the
bulk medium. The jet-medium interaction will be termi-
nated in the hadronic phase and the final partons will be
used for jet reconstruction within the FASTJET. Equa-
tion (11) will then be used to calculate the differential sin-
gle inclusive jet cross section per binary nucleon-nucleon
pair in heavy-ion collisions within a given centrality class.
The suppression factor RAA(pT ) is defined [Eq. (14)] as
the ratio between this cross section per binary nucleon-
nucleon pair in heavy-ion collisions and that of single
inclusive jet cross section in p+p collisions which is cal-
culated from the same PYTHIA 8 events that provide
the initial jet shower configurations for simulations of jet
transport within LBT.
C. Suppression of single inclusive jet spectra
Shown in Fig. 3 are suppression factors for single in-
clusive jet production in the central rapidity |y| < 2.1
region of 0-10% central Pb+Pb collisions at
√
s = 2.76
TeV from LBT simulations with different values of the
fixed strong coupling constant αs as compared to the
ATLAS data at the LHC [42]. Underlying event back-
ground subtraction (UES) and “negative” partons due to
back-reaction (diffusion wake) have both been included
in the jet reconstruction and determination of the final
jet transverse momentum using FASTJET with anti-kT
algorithm and jet-cone size R = 0.4. The central line is
the LBT result with a value of αs = 0.15 that best fits the
ATLAS data according to the χ2 distribution as shown
in Fig. 4 in which we also show the χ2/d.o.f. (degrees
of freedom) from fits of LBT results to the ATLAS data
with different options on whether “negative” partons and
UES are included in the jet reconstruction from LBT
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FIG. 3. (Color online) The suppression factor RAA of single
inclusive jet spectra in the central rapidity |y| < 2.1 region of
0-10% central Pb+Pb collisions at
√
s = 2.76 TeV from LBT
simulations with different values of αs as compared to the
ATLAS data at the LHC [42]. UES and “negative” partons
are both included in the jet reconstruction with R = 0.4 and
anti-kt jet-finding algorithm.
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FIG. 4. (Color online) χ2/d.o.f. of LBT fits to ATLAS data
[42] on RAA(pT ) as a function of αs in 0-10% central Pb +
Pb collisions at
√
s = 2.76 TeV with anti-kt algorithm and
jet-cone size R = 0.4 in jet rapidity range |y| < 2.1, (black
line with circle) with “negative” partons and UES, (red line
with square) with “negative” partons but without UES, (blue
line with uptriangle) with UES but without “negative” par-
tons, and (purple line with downtriangle) without “negative”
partons and UES.
calculations. One can see from Fig. 4 that both “nega-
tive” partons from the back-reaction and the UES have
non-negligible effects on the reconstructed jet energy and
the suppression factor for single inclusive jet spectra in
heavy-ion collisions. Both effects reduce the transverse
energy within the cone of the reconstructed jets. These
effects are more important for jets with large radii. The
effect of UE is more important for low energy jets while
the effect of “negative” partons are non-negligible for jets
at all energies. With both effects included, one needs
smaller interaction strength within the LBT model to fit
the experimental data on single inclusive jet suppression
in heavy-ion collisions. They, however, do not change the
minimum values of χ2/d.o.f. because of large uncertain-
ties in the experimental data. With slightly different αs,
they can all describe the experimental data equally well.
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FIG. 5. (Color online) The suppression factor RAA of single
inclusive jet spectra in the central rapidity |y| < 2.1 region
of 0-10% central Pb+Pb collisions at
√
s = 2.76 TeV from
LBT simulations with fixed αs = 0.15 as compared to the
ATLAS data at the LHC [42]. The jet reconstruction with
R = 0.4 and anti-kt algorithm includes four different options
on “negative” partons and UES: (a) with both “negative”
partons and UES, (b) with “negative” partons but without
UES, (c) with UES but without “negative” partons, and (d)
without “negative” partons and UES.
As another illustration of the effects of “negative” par-
tons and UES on the single inclusive jet suppression, we
show in Fig. 5 the suppression factors RAA(pT ) for 0-
10% central Pb+Pb collisions at
√
s = 2.76 TeV from
LBT simulations with fixed αs = 0.15 and different op-
tions on “negative” partons and UES as compared to
the ATLAS data. Both effects lead to a bigger jet en-
ergy loss and therefore smaller values of the suppression
factor, though the effect of “negative” partons is larger.
Without “negative” partons, the effect of UES is also un-
8derstandably larger than with “negative” partons. One
can also see this from the χ2/d.o.f. distribution in Fig. 3
by comparing the effects of UES when “negative” par-
tons are included or not. We will examine the effect of
“negative” and recoil partons on the jet energy loss in
more detail in the next section.
We note that the fixed value of αs = 0.15 from the best
fits to experimental data is only an effective strong cou-
pling constant in the elastic scattering matrix elements
and radiative gluon spectra in the LBT model in which
we use the perturbative Debye screening mass in Eq. (3)
to regularize the collinear divergence. It is possible that
other non-perturbative physics such as chromo-magnetic
monopoles can play a role in the parton-medium interac-
tion [76–79] that can effectively increase the screen mass.
Furthermore, the non-zero mass of thermal partons can
also reduce the effective thermal parton density signifi-
cantly in the interaction rate. These can both increase
the value of the effective strong coupling constant in LBT
in order to fit the experimental data. In the remainder
of this paper, we will use this value of fixed αs for all
LBT calculations that include both “negative” partons
and UES, unless otherwise specified.
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FIG. 6. (Color online) LBT results on RAA(pT ) in the central
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With the only adjustable parameter αs fixed through
the best fit to the ATLAS data on single inclusive jet sup-
pression in 0-10% central Pb+Pb collisions at
√
s = 2.76
TeV, we can predict the suppression factors for other
centralities, rapidities and colliding energies. Shown in
Fig. 6 are suppression factors for single inclusive jet spec-
tra in three different centrality bins of Pb+Pb collisions
at
√
s = 2.76 TeV as compared to the ATLAS data. LBT
results agree well with the data within the experimental
50 100 150 200 250 300 350
>part<N
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
A
A
R
 R = 0.4tkanti-
 = 2.76 TeVs
|y| < 2.1
LBT Pb+Pb
 < 100 GeV
T
80 < p
 < 200 GeV
T
180 < p
 < 100 GeV
T
ATLAS 80 < p
FIG. 7. (Color online) LBT results on RAA in Pb+Pb colli-
sions at
√
s = 2.76 TeV as a function of the number of nucleon
participants 〈Npart〉 in each centrality bin in two pT ranges,
pT = 80−100 (solid), 180−200 GeV/c (dashed), as compared
to experimental data from ATLAS [42].
errors. We have also calculated the inclusive jet sup-
pression factor in 6 different centrality bins of Pb+Pb
collisions at
√
s = 2.76 TeV and plot it as a function
of the mean number of participant nucleons 〈Npart〉 in
Fig. 7 for two different ranges of transverse momentum
pT = 80−120 (solid line), 180−200 GeV/c (dashed line)
as compared to ATLAS data at pT = 80 − 120 GeV/c.
The LBT model can also describe well the experimen-
tal data on the centrality dependence of the single jet
suppression.
In Fig. 8, we show the LBT results on single inclusive
jet suppression factors in four different rapidity regions
in 0-10% central (solid lines) and 30-40% semi-central
(dashed lines) Pb+Pb collisions at
√
s = 2.76 TeV. The
suppression factor has a very weak rapidity dependence
within |y| < 2.1 consistent with ATLAS experimental
data.
LBT results on the single jet suppression factor in the
central rapidity region of 0-10% central Pb+Pb collisions
at
√
s = 2.76 are also compared to data from both AT-
LAS [42] and CMS [44] experiment at LHC in Fig. 9.
Data from both experiments are consistent with each
other within their respective errors and with LBT cal-
culations.
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pared to ATLAS data [42].
V. COLLIDING ENERGY AND TRANSVERSE
MOMENTUM DEPENDENCE OF JET
SUPPRESSION
A. Colliding energy dependence
In order to calculate the suppression of single inclusive
jet spectra at different colliding energies, one first has to
provide the initial conditions for the 3+1D hydrodynamic
evolution. In our study here we use the initial parton pro-
duction from the AMPT model for the initial condition
for CLVisc hydrodynamic calculations. The scale factor
in Eq. (15) is adjusted so that the final charged hadron
rapidity density from the hydrodynamic calculation fits
the experimental data in 0-10% central Pb+Pb collisions
at
√
s = 2.76 and 5.02 TeV, respectively [45, 46]. There
is an increase of about 20% in the charged hadron multi-
plicity density from 2.76 to 5.02 TeV. The corresponding
event averaged initial temperature at the center of 0-10%
central Pb+Pb collisions is 469 and 529 MeV at an initial
time τ0 = 0.5 fm/c, respectively, at these two colliding
energies.
We assume the effective strong coupling constant in
LBT is independent of the local temperature in this study
and therefore can predict the suppression factor for single
inclusive jet spectra in Pb+Pb collisions at
√
s = 5.02
TeV as shown in Fig. 10 together with the latest data
from ATLAS experiment [42, 43]. One can observe two
striking features in the LBT calculations which are con-
sistent with the experimental data. The first feature is
the very weak or none colliding energy dependence at
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LHC energy range despite the fact that the initial par-
ton density at 5.02 TeV is about 20% higher than at
2.76 TeV. The second feature is the weak transverse mo-
mentum dependence of the jet suppression factor in the
range of the experimental coverage which is very different
from the suppression factor for single inclusive charged
hadrons [80–83].
B. Jet energy loss distribution
To understand the colliding energy and transverse mo-
mentum dependence of the jet suppression factor, we
have to understand the transverse momentum depen-
dence of the average jet energy loss and its fluctua-
tions. For given initial production point r, impact pa-
rameter b and propagation direction φc, we assume that
the medium-modified single inclusive jet distribution is
given by the convolution of the jet distribution in vacuum
dN jet(c)(pTi, pT )/dydpT and the jet energy loss distribution
wc(∆pT , pT , r,b, φc),
dN˜ jet(c)(pTi, pT , r,b,φc)
dydpT
=
∫
d∆pT
d2N jetc (pTi, pT + ∆pT )
dpT dy
×wc(∆pT , pT + ∆pT , r,b, φc), (16)
where we assume that the implicit dependence of jet
energy loss distribution wc on the initial hard parton’s
transverse momentum pTi is only through an explicit de-
pendence on the final jet transverse momentum pT in
vacuum. Averaging over the energy loss fluctuation due
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rapidity |y| < 2.1 for single inclusive jet spectra in 0-10%
central Pb+Pb collisions at
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43].
to distribution of the production point and the propaga-
tion direction, one can define the energy loss distribution
for a given centrality class of A+A collisions as
W
(c)
AA(∆pT , pT ) =
∫
d2rd2btA(r)tA(|b− r|)dφc
2pi
× wc(∆pT , pT , r,b, φc)∫
d2rd2btA(r)tA(|b− r|) . (17)
The cross section for single inclusive jet production in
A+A collision in Eq. (13) can be rewritten as
dσjetAA
dpT dy
=
∫
dpTid∆pT
dσ
AA(c)
LO
dpTi
W
(c)
AA(∆pT , pT + ∆pT )
× d
2N jetc (pTi, pT + ∆pT )
dpT dy
, (18)
where the effective LO pQCD jet production cross section
per binary nucleon-nucleon interaction is defined as
dσ
AA(c)
LO
dpTi
= 2pTi
∑
a,b,d
∫
dycdydxafa/A(xa, µ
2)
×xbfb/A(xb, µ2)dσˆab→cd
dt
. (19)
If we neglect the small nuclear modification of parton
distribution functions at very large momentum scale [68,
69], dσ
AA(c)
LO /dpTi ≈ dσpp(c)LO /dpTi, the modification fac-
tor for single inclusive jet production in A+A collisions
can be written as
RAA(pT ) ≈
∫
d∆pTWAA(∆pT , pT + ∆pT )
× dσ
jet
p+p(pT + ∆pT )
dσjetp+p(pT )
, (20)
where WAA is the flavor-averaged parton energy loss dis-
tribution for a given centrality class of A+A collisions
and jet-cone size R. If the average jet energy loss is
small, the above jet suppression factor can be approxi-
mated with
RAA(pT ) ≈
dσjetp+p(pT + 〈∆pT 〉)
dσjetp+p(pT )
, (21)
where the average jet energy loss is given by
〈∆pT 〉(pT ) =
∫
d∆pT∆pTWAA(∆pT , pT ), (22)
which should depend on the vacuum jet energy pT , col-
liding energy
√
s, centrality and the jet-cone size R.
50 100 150 200 250 300 350 400
 (GeV)
T
p
0
10
20
30
40
50
60
>
 (G
eV
)
T
 
p
∆
<
 R = 0.4         Pb+Pb 0 - 10 %tkanti-
 = 5.02 TeV         |y| < 2.1s
 = 2.76 TeVs
w/o recoil & w/o neg.
w. recoil & w. neg.
w. recoil & w/o neg.
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√
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results without recoil and “negative” partons, while red lines
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lines with diamonds are with recoil but without “negative”
partons.
To illustrate the colliding energy and transverse mo-
mentum dependence of the jet energy loss and its fluc-
tuation, we first show the averaged energy loss 〈∆pT 〉 in
Fig. 11 for leading jets in the 0-10% central Pb+Pb colli-
sions at two colliding energies,
√
s = 2.76 and 5.02 TeV,
11
from LBT simulations. In the calculations, the leading
jet with a large cone size R = 1 from PYTHIA 8 in each
event and the associated jet shower partons are identi-
fied. These jet shower partons are then used for the re-
construction of the vacuum leading jet in p+p collisions
with a given jet-cone size R and UES. These same jet
shower partons are allowed to propagation through the
hydrodynamic medium in LBT and the transverse en-
ergy of the final medium-modified leading jet with cone
size R is calculated with the same jet-finding algorithm
and UES. The difference between the final transverse en-
ergies of the vacuum and medium-modified leading jet
is defined as the jet transverse energy loss as shown in
Fig. 11 as a function of the vacuum jet transverse energy.
An alternative definition of the jet energy loss is the en-
ergy difference between the leading jet in p+p and the
leading jet in A+A in the same direction of the vacuum
leading jet with the angular difference smaller than the
jet-cone size, ∆r < R. The results are approximately the
same. The transverse jet energy loss at
√
s = 5.02 TeV
is indeed about 15% larger than at
√
s = 2.76 TeV in the
pT = 50 − 400 GeV/c range when the medium response
(recoil and “negative” partons) is taken into account in
the calculation of the transverse energy of the medium-
modified leading jet. It increases with the vacuum jet
transverse energy logarithmically similar to that of a sin-
gle parton [63, 64]. As we will discuss later in detail, such
a weak pT -dependence of the jet transverse energy loss
is caused by a combination of effects due to jet-induced
medium response, radial expansion and jet flavor (quarks
and gluons) composition.
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FIG. 12. (Color online) LBT results on jet energy loss dis-
tribution WAA(x) as a function of the scaled jet energy loss
x = ∆pT /〈∆pT 〉 in Pb+Pb collisions (a) for three different
vacuum jet energies, (b) three different centralities and (c)
two different colliding energies at LHC.
We also show the jet energy loss distributions
WAA(∆pT , pT ) as a function of the scaled variable x =
∆pT /〈∆pT 〉 from LBT simulations in Fig. 12 for lead-
ing jets (a) with vacuum transverse momentum pT =
100, 200, 300 GeV/c in 0-10% central Pb+Pb collisions
at
√
s = 2.76 TeV, (b) for pT = 300 GeV/c in Pb+Pb
collisions with different centralities (0-10%, 10-20%, 20-
30%) at
√
s = 2.76 TeV, and (c) for pT = 300 GeV/c in
0-10% Pb+Pb collisions at both
√
s = 2.76 and 5.02 TeV.
We can see that the jet energy loss distribution has an
scaling behavior in the scaled variable x = ∆pT /〈∆pT 〉
approximately independent of the vacuum jet pT and the
colliding energy for a given centrality of heavy-ion colli-
sions. The dependence of the jet energy loss distribution
on the vacuum jet energy and colliding energy is only im-
plicit through the average jet energy loss 〈∆pT 〉(pT ,
√
s).
Such a scaling property of the jet energy loss distribu-
tion is essentially determined by the fluctuation of the
jet energy loss caused by a scattering that can transport
jet shower partons to the outside of the jet cone and
the average number of such out-of-cone scatterings in a
given centrality class of A+A collisions. It can be used
to extract the jet energy loss distributions from exper-
imental data on jet spectra in p+p and A+A collisions
using the convolution relationship in Eq. (20) [84]. Note
that the scaling behavior of WAA(x) will be violated at
very large values of x for finite values of the vacuum jet
transverse momentum pT due to energy-momentum con-
servation since the total jet energy loss is limited by the
initial or vacuum jet energy. This violation will only in-
fluence the tails of the scaling jet energy loss distributions
as seen in Fig. 12 where the total jet energy loss is large.
C. Understanding the colliding energy and
transverse momentum dependence
Given the jet energy loss distribution, pT and
√
s de-
pendence of the average jet transverse energy loss, one
should be able to estimate the suppression of jet spectra
by shifting jet production cross section as measured in
p+p collisions through Eq. (20) or (21). As we can see
in Fig. 2, the shape of the single inclusive jet spectra at√
s = 5.02 TeV is much flatter than that at 2.76 TeV in
the same pT range. This colliding energy dependence of
the single inclusive jet spectra in p+p collisions is one
of the deciding factors that will influence the energy and
transverse momentum dependence of the jet suppression
factor RAA(pT ).
Shown in Fig. 13 are the jet suppression factors
(dashed lines) obtained by shifting the transverse mo-
mentum in the jet production cross section in p+p colli-
sions with the average transverse energy loss as shown in
Fig. 11 according to Eq. (21), together with the full LBT
calculations (solid lines) and ATLAS data. A scaling fac-
tor of 1.174 and 1.165 is multiplied to the shifted spectra
at
√
s = 2.76 and 5.02 TeV, respectively, to keep the
number of inclusive jets the same. One can see that the
12
colliding energy and the transverse momentum depen-
dence of the jet suppression factor can be approximately
determined by the behavior of the transverse energy loss
and the shape of the initial jet production spectra. The
approximate 15% increase in the transverse energy loss
from
√
s = 2.76 to 5.02 TeV, as shown in Fig. 11, is
mostly offset by the decrease of the slope of the jet pT
spectra (becoming flatter), leading to a suppression fac-
tor that has a very weak colliding energy dependence.
The initial jet production spectra in the large pT region at
both colliding energies are more exponential than power-
law-like in the large pT region due to the fall-off of parton
distribution functions in the large momentum-fraction re-
gion. This shape of the initial production spectra coupled
with the weak pT -dependence of the transverse energy
loss in these regions of pT leads to a very weak pT de-
pendence of the jet suppression factor. Note that the
weak pT dependence of the jet transverse energy loss is
partially caused by the influence of jet-induced medium
response on the jet energy within a given cone size R
as shown in Fig. 11. A detailed analysis of the collid-
ing energy and pT dependence of the suppression factor
given the initial jet spectra in p+p collisions can provide
important information about the jet energy loss distribu-
tions according to Eq. (20). This has been investigated
in detail in a separate study [84].
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FIG. 13. (Color online) Experimental data on RAA for 0-10%
central Pb+Pb collisions at (red solid squares)
√
s = 2.76 TeV
and (blue solid circles) 5.02 TeV [42, 43] as compared to (solid
lines) LBT calculations and (dashed) the suppression factor
obtained by shifting the jet spectra in p+p collisions by the
average jet energy loss from Fig. 11 according to Eq. (21).
VI. EFFECTS OF MEDIUM RESPONSE,
RADIAL EXPANSION AND JET FLAVOR
As we have shown in the previous section, the behavior
of the suppression factor for single inclusive jets is closely
related to the colliding energy and transverse momentum
dependence of the jet energy loss due to jet-medium in-
teraction in an expanding QGP. We will examine in this
section the effects of medium response, radial expansion
and jet flavor on the jet energy loss in detail.
A. Effects of medium response and radial
expansion
Similar to the calculation of jet energy loss in the last
section, we focus on the leading jet in both p+p and
central (0-10%) Pb+Pb collisions. Only the jet shower
partons associated with the leading jet within a large jet-
cone size R = 1 in PYTHIA 8 simulations of p+p colli-
sions are used for propagation within LBT in 200 events
of hydrodynamic profiles with fluctuating initial condi-
tions for 0-10% central Pb+Pb collisions. FASTJET is
used to calculate the transverse energy of the vacuum
and medium-modified leading jet with UE subtraction
and the transverse energy loss is calculated for different
jet-cone sizes. We choose three different jet-cone sizes
R = 0.3, 0.4 and 0.5 to investigate the dependence on
the jet-cone size. To study the effect of radial expansion,
we also compare to the case where the same jet shower
partons propagate in a static medium with a constant
temperature T = 0.28 GeV and finite length (or prop-
agation time) L = 4 fm. The length is approximately
the average propagation length in 0-10% central Pb+Pb
collisions and the temperature is chosen such that the jet
transverse energy loss for R = 0.4 in the static medium
is the same as that of a dynamically evolving medium in
0-10% central Pb+Pb collisions at
√
s = 2.76 TeV in the
lowest pT bin in our study here.
Shown in Figs. 14 and 15 are the average transverse
energy loss as a function of the vacuum jet pT in 0-10%
central Pb+Pb collisions (left) at
√
s = 2.76 and 5.02
TeV, respectively, and a static medium with a constant
temperature T = 0.28 GeV and finite length (propaga-
tion time) L = 4 fm (right) for three different jet-cone
sizes R = 0.3, 0.4 and 0.5. Without the inclusion of
medium response (recoil and “negative” partons) (black
lines with circles) the jet transverse energy loss is sig-
nificantly larger than that with medium response (red
lines with squares). Inclusion of “negative” partons in-
creases the jet energy loss only slightly. The inclusion
of the medium response (mainly recoil partons) not only
reduces the net jet energy loss but also its dependence
on the vacuum jet pT , making the pT -dependence much
flatter. As we have seen in the last section, this weaker
pT -dependence of the jet energy loss is responsible for
the pT -dependence of the jet suppression factor RAA(pT )
given the shape of the vacuum jet spectra in p+p col-
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FIG. 14. (Color online) LBT results on average pT loss 〈∆pT 〉
for jets in |y| < 2.1 as a function of the vacuum jet pT with
anti-kt algorithm and R = 0.3, 0.4, 0.5 for [(a), (c), (e)] hydro-
dynamic background in central 0 - 10% Pb+Pb collisions at√
s = 2.76 TeV and [(b), (d), (f)] static medium at T = 0.28
GeV with fixed length L = 4 fm. Black lines with circles are
results without recoil and “negative” partons, while red lines
with squares are with recoil and “negative” partons and blue
lines with diamonds are with recoil but without “negative”
partons.
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FIG. 15. The same as Fig. 14 except for
√
s = 5.02 TeV.
lisions. The reduction of the jet energy loss due to the
inclusion of medium response increases with the jet cone-
size, since the energy carried by recoil partons is spread
to wide angles away from the jet axis. The radial ex-
pansion in the hydrodynamic medium helps to transport
recoil partons to a wider angle away from the jet axis.
This makes the net jet energy loss more dependent on
the jet-cone size as compared to the case of jet propaga-
tion in a static medium. This is more so for the effect of
“negative” partons. In all scenarios, the jet energy loss
in general decreases with the jet-cone size R.
B. Flavor dependence
It is known that gluons lose more than twice the energy
as quarks in a QCD medium and the flavor composition
of single inclusive jets in p+p collisions depends on the
transverse momentum and colliding energy. The trans-
verse momentum and colliding energy dependence of the
average jet energy loss in heavy-ion collisions should also
be influenced by the flavor composition of the initial jets.
We will examine this in detail here.
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FIG. 16. (Color online) The same as Fig. 14 but for (solid
lines) gluon and (dashed lines) quark jets.
In the high-energy limit when jet shower parton energy
is much bigger than the local temperature E  T , the
t-channel gluon and quark scattering cross sections can
be approximated by their small angle limits,
dσab
dq2⊥
≈ Cab 2piα
2
s
(q2⊥ + µ
2
D)
2
, (23)(
Cgg =
9
4
, Cqg = 1, Cqq =
4
9
)
.
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FIG. 17. The same as Fig. 14 except for gluon (solid lines)
and quark jets (dashed lines) at
√
s = 5.02 TeV.
One can calculate the elastic parton energy loss,
dEael
dx
=
∑
b
∫
dq2⊥
d3k
(2pi)3
fb(k)
q2⊥
2k0
dσab
dq2⊥
≈ Ca 3pi
2
α2sT
2 ln(
s∗
4µ2D
), (24)
where s∗ ≈ 2.6ET [48]. Similarly, the jet transport coef-
ficient as defined in Eq. (5) is,
qˆa ≈ Ca 42ζ(3)
pi
α2sT
3 ln(
s∗
4µ2D
), (25)
where s∗ ≈ 5.7ET [48]. Since the radiative gluon spec-
tra in Eq. (4) is proportional to qˆa, both the elastic and
radiative energy loss of a propagating parton in a QGP
medium depend on its color charge, CF = 4/3 for a quark
and CA = 3 for a gluon [48, 85].
The net energy loss of a jet in a QGP medium should
also depend on the color charge of its originator, though
the dependence is weaker than the energy loss of a sin-
gle parton, since a jet shower contains both quarks (anti-
quarks) and gluons whether it is originated from a highly
virtual quark or gluon. In PYTHIA 8 simulations, we
tag the flavor of a leading jet in p+p collisions by the
flavor of the final parton in the hard 2 → 2 processes
in the direction of the final jet and assign the same fla-
vor tagging to the final jet after propagation in the QGP
medium. Shown in Figs. 16 and 17 are the averaged
net jet transverse energy loss as a function of the vac-
uum jet pT for gluon (solid lines) and quark jets (dashed
lines) with three different jet-cone sizes (R = 0.3, 0.4,
and 0.5) in the static (right) and hydrodynamic QGP
medium (left) in 0-10% Pb+Pb collisions at
√
s = 2.76
and 5.02 TeV, respectively. The energy loss of flavor-
tagged jets follows the same trend as the flavor-averaged
jet energy loss in Figs. 14 and 15. Gluon jets however
lose more energy than quark jets. The effect of medium
response, inclusion of which reduces the net jet energy
loss, is also stronger for gluon jets than quark jets.
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FIG. 18. (Color online) LBT results on ratios of energy loss
of gluon jets over quark jets in |y| < 2.1 as a function of the
vacuum jet pT with anti-kt algorithm and R = 0.3, 0.4, 0.5 for
[(a), (c), (e)] hydrodynamic background in central 0 - 10%
Pb+Pb collisions at
√
s = 2.76 TeV and [(b), (d), (f)] static
medium at T = 0.28 GeV with fixed length L = 4 fm. Black
lines with circles are results without recoil and “negative”
partons, while red lines with squares are with recoil and “neg-
ative” partons and blue lines with diamonds are with recoil
but without “negative” partons.
To illustrate the difference between gluon and quark
jet energy loss, we show in Figs. 18 and 19 the ratio of
gluon to quark jet energy loss from Figs. 14 and 15, re-
spectively. Since jet showers also contain gluons even if
they are initiated by a hard quark, the net energy loss of
a gluon-tagged jet is always larger than that of a quark-
tagged jet but smaller than 9/4, which is the ratio of
energy loss of a single gluon and quark, as seen in the
LBT calculation. The ratio of gluon and quark-tagged
jet energy loss with medium response increases from 1.2
to about 1.4 in the pT range shown. This means the
medium sees more of the jet’s original color charge for
larger vacuum jet pT . Without the medium response,
the ratio is slightly smaller. This indicates that the effect
of medium recoil is bigger for gluon-tagged jets because
of their stronger interaction with medium and larger en-
ergy loss than quark-tagged jets. The ratio is also slightly
influenced by the radial expansion and has moderate de-
pendence on the jet cone-size.
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FIG. 19. (Color online) The same as Fig. 18 except for
√
s =
5.02 TeV.
To better understand the final flavor-averaged jet en-
ergy loss, one also needs to know the initial flavor com-
position of single inclusive jets as reconstructed with
FASTJET. Shown in Fig. 20 are fractions of gluon (solid
lines) and quark-tagged jets (dashed lines) as a function
of the vacuum jet pT with three different jet-cone sizes
(R = 0.3, 0.4 and 0.5) in p+p collisions at
√
s = 2.76 (red
squares) and 5.02 TeV (blue circles). The gluon (quark)
jet fraction decreases (increases) with the vacuum jet pT
as determined by the parton distributions inside a nu-
cleon. The fractions have almost no dependence on the
jet-cone size. At fixed values of jet pT , the gluon (quark)
fraction is bigger (smaller) at higher colliding energy or
small parton initial momentum fraction xT = pT /2
√
s.
We have checked that given these flavor compositions,
γg(pT ) and γq(pT ) in Fig. 20, and the flavor-tagged jet
energy loss, ∆pgT (pT ) and ∆p
q
T (pT ) in Figs. 16 and 17,
one can recover the inclusive jet energy loss in Figs. 14
and 15 through
〈∆pT 〉 = γg〈∆pgT 〉+ γq〈∆pqT 〉. (26)
According to this flavor composition, the quark frac-
tion among the inclusive jets increases with pT . Since
quark jet energy loss is smaller than gluon jet, the pT -
dependence of the effective flavor-averaged jet energy loss
for single inclusive jets is weaker than that for flavor-
tagged jets (quark or gluon). Together with the effect of
recoil partons from medium response, this further weak-
ens the pT -dependence of the effective inclusive jet en-
ergy loss and consequently leads to the observed pT -
dependence of the suppression factor RAA(pT ). As one
increases the colliding energy, the gluon jet fraction at
fixed pT increases. This will increase the effective inclu-
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FIG. 20. (Color online) Transverse momentum dependence of
the fraction of (solid lines) gluon jet and (dashed lines) quark
jet within |y| < 2.1 in p+p collisions at (red squares) √s =
2.76 and (blue circles) 5.02 TeV from PYTHIA 8 simulations
with anti-kt and R = 0.3, 0.4, 0.5.
sive jet energy loss accordingly. With the increased initial
energy density in the bulk medium, the increased inclu-
sive jet energy loss at higher colliding energy is, however,
offset by the flatter initial jet spectra and leads to a weak
colliding energy dependence of the jet suppression factor.
C. Rapidity dependence of jet suppression
The jet flavor composition shown in Fig. 20 are aver-
aged over the central rapidity region |y| < 2.1 which is
determined by the flavor dependence of the parton dis-
tribution functions (PDF’s) inside a proton and the par-
tonic cross sections. The flavor dependence, especially
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gluons versus quarks, of PDF’s is known to vary with
the momentum fraction x of partons favoring gluons at
small x. The jet flavor composition will therefore de-
pend on the rapidity of the final jets. Shown in Fig. 21
are the gluon (red solid lines) and quark (blue dashed li-
nee) jet fractions as a function of the vacuum jet pT with
jet-cone size R = 0.4 in different rapidity bins in p+p
collisions at
√
s = 2.76 TeV. The gluon (quark) fraction
decreases (increases) with rapidity at a fixed value of jet
pT . The cross-point where gluon and quark fraction be-
come equal moves to smaller pT as the rapidity increases.
As an illustration of the rapidity dependence of the flavor
composition, we plot in Fig. 22 the gluon fraction (blue
solid line) as a function of rapidity for 80 < pT < 100
GeV/c in p+p collisions at
√
s = 2.76 TeV. It decreases
from γg = 0.68 at y = 0 to 0.52 at y = 2.1. According
to Fig. 18, gluon jets lose about 1.2 more energy than
quark jets for pT = 80 − 100 GeV/c. The jet energy
loss ∆pT = ∆p
g
T γg + (1− γg)∆pqT ≈ (1 + 0.2γg)∆pqT will
only decrease by 2.8% due to the decrease of the gluon
fraction from y = 0 to 2.1. The jet energy loss for both
flavors will decrease from central to large rapidity due to
the spatial distribution of the bulk medium density. This
rapidity dependence of the jet energy loss is offset by the
rapidity dependence of the initial jet spectra which be-
come steeper as a function of pT at large rapidity. The
final jet suppression factor RAA will then have a very
weak rapidity dependence within the range 0 < |y| < 2.1
as shown in Fig. 22 for 80 < pT < 100 GeV/c (red dashed
line) (see also Fig. 8) which is consistent with the AT-
LAS data [42]. Please note that two different observables,
gluon fraction γg and single jet suppression factor RAA,
are plotted in Fig. 22 for convenience.
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FIG. 21. (Color online) Transverse momentum dependence of
the fraction of gluon jet (red solid lines) and quark jet (blue
dashed lines) for different jet rapidity y in p+p collisions at√
s = 2.76 TeV from PYTHIA 8 simulations with anti-kt and
R = 0.4.
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FIG. 22. (Color online) Rapidity dependence of the initial
gluon jet fraction γg (blue solid line) and jet suppression factor
RAA for 80 < pT < 100 (red dashed line) in 0-10% central
Pb+Pb collisions at
√
s = 2.76 TeV from LBT simulations
with anti-kt and R = 0.4. Solid squares are ATLAS data [42]
on RAA. Note that two different observables, gluon fraction
γg and single jet suppression factor RAA, are plotted in this
figure.
D. Cone-size dependence of jet suppression
As we have shown in the above subsections, medium
response and radial expansion can both influence the net
jet energy loss and lead to a stronger jet-cone size de-
pendence. The net jet energy loss decreases with the
cone size as jets with a bigger cone size will include more
medium recoil partons and radiated gluons. This in prin-
ciple should also lead to a unique cone size dependence
of the single inclusive jet suppression, which should also
be influenced by the cone size dependence of the single
inclusive jet spectra in p+p collisions. Shown in Fig. 23
are ratios of the single inclusive jet spectra from LBT
simulations of 0-10% central Pb+Pb collisions (solid)
as compared to p+p results (dashed) from PYTHIA 8
with different cone sizes in the central rapidity region
at
√
s = 5.02 TeV. One can see that single inclusive jet
spectra are in general smaller for smaller jet-cone size.
The bigger energy loss for jets with smaller jet-cone size
will further reduce the spectra relative to that with a
bigger jet-cone size. Though the magnitude of the jet
spectra decreases with smaller jet-cone size, the shape of
the spectra is actually flatter [σ(R = 0.2)/σ(R = 0.4) and
σ(R = 0.3)/σ(R = 0.4) both increase with pT ]. Since the
net jet energy loss increases with smaller jet-cone size, the
corresponding jet suppression should be stronger (smaller
values of RAA), which in turn should be off-set somewhat
by the flatter jet spectra in vacuum.
Shown in Fig. 24 are LBT results on the single jet sup-
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FIG. 24. (Color online) Suppression factor of single inclusive
jet spectra RAA as a function of pT in central rapidity region
of 0-10% Pb+Pb collisions at
√
s = 5.02 TeV from LBT with
(solid) and without medium recoil (including “negative” par-
tons) (dashed) for different jet-cone sizes, R=0.5, 0.4, 0.3 and
0.2 as compared to CMS data [44] in 0-5% Pb+Pb collisions
at
√
s = 2.76 TeV.
pression factor with (solid) and without medium recoil
(including “negative” partons) (dashed) as a function of
pT in central rapidity region of 0-10% Pb+Pb collisions
at
√
s = 5.02 TeV for different jet-cone sizes, R=0.5, 0.4,
0.3 and 0.2. We observe that the suppression factor in-
creases with the jet-cone size as the net jet energy loss
gets smaller for bigger jet-cone size. Without medium
recoil, the suppression factors are not only significantly
smaller due to increased energy loss but also much less
sensitive to the jet-cone size. The jet suppression as mea-
sured by CMS experiment [44] for Pb+Pb collisions at√
s = 2.76 TeV show almost no jet-cone size dependence.
However, the systematic uncertainties are too big to see
the predicted jet-cone size dependence from LBT sim-
ulations shown. Similar behavior was also predicted in
Refs. [14, 19, 20, 32]. But the pT -dependence is different
in LBT because of the influence of medium response and
radial expansion. More precision measurements of the
cone size dependence of the jet suppression can therefore
elucidate the underlying processes responsible for the fi-
nal jet suppression.
VII. PREDICTIONS AT RHIC
As we have shown in this study, the transverse mo-
mentum dependence of the single inclusive jet suppres-
sion factor in heavy-ion collisions is determined mainly
by the pT -dependence of the jet energy loss and the shape
of the initial single inclusive jet spectra in p+p collisions.
Since the single inclusive jet spectra at RHIC energy√
s = 200 GeV is much steeper in the pT range avail-
able as shown by PYTHIA 8 results and STAR experi-
mental data [86] in Fig. 25, the single inclusive jet sup-
pression factor at RHIC should have different transverse
momentum dependence from that at LHC, depending on
the pT -dependence of the jet energy loss. While frac-
tions of quark and gluon-initiated jets are about the same
at around pT= 20 GeV/c, jets become mostly quark-
dominated at large pT at RHIC as shown by PYTHIA
8 results in Fig. 26. The net energy loss for quark and
gluon-initiated jets in the RHIC pT range is however very
similar as shown in Fig. 27. The effect of jet-induced
medium response is also much smaller in this pT range
and the jet energy loss has a weak dependence on jet
cone size, both due to a shorter duration of the QGP
phase in central Au+Au collisions at RHIC. The net jet
energy loss as shown in Fig. 28 has a weaker transverse
momentum and jet-cone size dependence as compared to
that at LHC. The combined effect of the steep initial jet
spectra at RHIC and weak transverse momentum depen-
dence of the jet energy loss in the pT range leads to the
single inclusive jet suppression factor that actually de-
creases slightly with the final jet transverse momentum
as shown in Fig. 29 for Au+Au collisions with three dif-
ferent centralities at
√
s = 200 GeV. This is quite differ-
ent from the pT -dependence of the jet suppression factor
at the LHC that increases with pT , though weakly. This
unique colliding energy and transverse momentum de-
pendence of the single inclusive jet suppression at RHIC
will be important to verify and one can directly infer the
pT -dependence of jet energy loss given the measured ini-
tial jet production spectra in p+p collisions at the same
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energy [84].
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FIG. 25. (Color online) PYTHIA 8 result of the inclusive
jet differential cross section as a function of pT in the central
rapidity of p+p collisions at
√
s = 200 GeV with anti-kt al-
gorithm and jet-cone radius R = 0.4 as compared to STAR
data [86].
VIII. CONCLUSIONS
We have carried out a systematic study of jet energy
loss and single inclusive jet suppression in high-energy
heavy-ion collisions within the LBT model with CLVisc
(3+1)D event-by-event hydrodynamic evolution of the
bulk medium which is constrained by the bulk hadrons
spectra. The LBT model can describe well the depen-
dence of the jet suppression factor RAA(pT ) on the col-
liding energy, centrality, transverse momentum and ra-
pidity as measured by experiments at LHC. While the
average net jet energy loss with a given jet-cone size in
Pb+Pb collisions at
√
s = 5.02 TeV is larger than that at√
s = 2.76 TeV due to the increased initial bulk medium
density and larger fraction of gluon-initiated jets, the fi-
nal jet suppression factor RAA(pT ) at
√
s = 5.02 TeV
is actually comparable or even slightly larger than that
at
√
s = 2.76 TeV. This colliding energy dependence is
mainly determined by the initial jet production spectra
in p+p collisions which are harder at 5.02 TeV as com-
pared to that at 2.76 TeV. The weak transverse momen-
tum dependence of jet suppression factor at both ener-
gies is dictated by the initial jet production spectra, pT -
dependence of the net jet energy loss and the jet energy
loss fluctuations. We have analyzed the net jet energy
loss and its pT -dependence within the LBT model in de-
tail. We found that it is influenced by inclusion of jet-
induced medium response, radial expansion and jet flavor
(quark and gluon) composition, all leading to a weaker
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FIG. 26. (Color online) Transverse momentum dependence
of the number fraction of (solid) gluon and (dashed) quark
jets in p+p collisions at
√
s = 200 GeV from PYTHIA 8 with
anti-kt and jet-cone sizes R = 0.3, 0.4 and 0.5.
pT -dependence of the averaged jet energy loss. The in-
clusion of jet medium response and influence of radial
expansion also lead to a stronger cone-size dependence
of the net jet energy loss. We have shown that this will
also lead to a unique cone-size dependence of the single
jet suppression.
We have also provided predictions for the single in-
clusive jet suppression factor in Au+Au collisions at the
RHIC energy
√
s = 200 GeV. Because of the steeper
initial jet production spectra, we predict that the jet
suppression factor at RHIC actually decreases slightly
with pT in the pT < 50 GeV/c range, though the pT -
dependence of net jet energy loss is weaker than that
at LHC. Such unique energy and pT -dependence of the
jet suppression factor is a direct consequence of the pT -
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FIG. 27. (Color online) LBT results on the average jet trans-
verse energy loss of (solid) gluon and (dashed) quark jets
within |y| < 2.1 with anti-kt algorithm and jet-cone sizes
R = 0.3, 0.4, 0.5 as a function of the vacuum jet pT in 0−10%
central Au+Au collisions at
√
s = 200 GeV. Black lines with
circles are without recoil and “negative” partons, while red
lines with squares are with recoil and “negative” partons and
blue lines with diamonds are with recoil but without “nega-
tive” partons.
dependence of jet energy loss given the measured initial
jet production spectra in p+p collisions. Extraction of
the pT -dependence of jet energy loss and energy loss fluc-
tuations will provide an important link between experi-
mental measurement of jet suppression and jet transport
properties in quark-gluon plasma in high-energy heavy-
ion collisions.
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FIG. 28. (Color online) The same as Fig. 27 except for flavor-
averaged jet transverse energy loss.
20
5 10 15 20 25 30 35 40 45 50
 (GeV)
T
p
0.5
0.6
0.7
0.8
0.9
1
A
A
R
 R = 0.4tkanti-
 = 200 GeVs
 = 0.15sαLBT 
| < 0.8η0.2 < |
Au+Au 0-10%
Au+Au 20-30%
Au+Au 40-50%
FIG. 29. (Color online) LBT predictions for RAA of single
inclusive jet spectra in Au+Au collisions at
√
s = 200 GeV
with three different centralities.
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